OBJECTIVE-This study evaluated closed-loop insulin delivery with a model predictive control (MPC) algorithm during early (12-16 weeks) and late gestation (28-32 weeks) in pregnant women with type 1 diabetes.
F
or women with type 1 diabetes, selfmanagement is particularly challenging during the physiologic and hormonal changes of pregnancy. These contribute to extremely labile glucose levels in early pregnancy and progressive insulin resistance with advancing gestation (1) . Continuous glucose monitoring (CGM) studies indicate that pregnant women with type 1 diabetes spend an average of 10 h daily with glucose levels outside the recommended target (63-140 mg/dL) even with apparently safe A1C levels (2) . Hence, their pregnancy outcomes remain suboptimal, with increased risks both of adverse pregnancy outcome (congenital malformation, stillbirth, neonatal death) and of perinatal morbidity (preterm delivery, macrosomia, neonatal care admission) (3, 4) .
Strict glycemic control targets are more readily achievable by pregnant women with type 2 diabetes, with recent studies demonstrating improvements both in adverse pregnancy outcome and in perinatal morbidity (5) . In contrast, there has been a disappointing lack of progress in type 1 diabetes, most likely due to a more severe glycemic disturbance (6) . Hence, despite educational (structured education and prepregnancy care programs) and technologic advances (fast-acting insulin analogs, insulin pump therapy), suboptimal glycemic control and poor pregnancy outcomes persist (7) (8) (9) .
Insulin pump therapy, CGM, and sensor-augmented pump therapy have been shown to facilitate improved glycemic control in nonpregnant individuals (10) (11) (12) . However, despite evidence supporting CGM in pregnancy, the benefits of insulin pump therapy are not well established, particularly during late pregnancy (13) (14) (15) . This may be due to difficulties responding to the physiologic challenges of pregnancy, such as changes in gastric emptying, gluconeogenesis, and insulin kinetics (16) .
Closed-loop systems use a control algorithm to link insulin delivery with real-time CGM measurements (17) . Overnight use improved glucose control and reduced hypoglycemia in children with type 1 diabetes (18) . A closed-loop system with physiologically responsive insulin adjustments capable of maintaining near-normal glucose levels could be of great benefit for pregnant women with type 1 diabetes.
Obstacles to developing closed-loop systems in pregnancy include a lack of sensor accuracy data and no data regarding performance of control approaches such as the model predictive control (MPC) algorithm. Previous studies documented clinically acceptable accuracy of real-time CGM outside of pregnancy but have compared only retrospective CGM and capillary glucose levels during pregnancy (15, 19) . No studies have evaluated sensor accuracy with plasma glucose measurements during pregnancy.
Before outpatient closed-loop studies can proceed, they must be supported by scientifically rigorous data on the safety and efficacy of the real-time CGM and the control algorithm to function throughout the physiologic changes of pregnancy. The aim of this study was to evaluate the performance of the FreeStyle Navigator CGM and MPC control algorithm during early (12-16 weeks) and late gestation (28-32 weeks).
RESEARCH DESIGN AND METHODS-Study protocols were approved by the research ethics committee, and participants provided written informed consent.
Participants
From March 2009 to March 2010, 10 pregnant women with type 1 diabetes from three U.K. antenatal diabetes clinics (Cambridge n = 7, Norwich n = 2, and Ipswich n = 1) were recruited into studies to develop closed-loop systems for use in pregnancy. Inclusion criteria were type 1 diabetes (World Health Organization criteria) for at least 12 months before pregnancy, intensive insulin therapy (multiple daily injections or pump), and a viable singleton pregnancy with gestational age confirmed by ultrasound imaging. Women with poor glycemic control (A1C .10%), significant obesity (BMI $35 kg/m 2 ), insulin resistance (total daily insulin dose $1.5 units/kg), nephropathy, autonomic neuropathy, or gastroparesis were excluded.
Study protocol
All participants were admitted to the Wellcome Trust Clinical Research Facility (Cambridge, U.K.) for 24 h on two occasions: once during early pregnancy (12-16 weeks) and again during later pregnancy (28-32 weeks).
Study devices and procedures
The day before each study, a FreeStyle Navigator sensor with a 10-h run-in calibration period (Abbott Diabetes Care, Alameda, CA) was inserted into the upper arm and calibrated with capillary glucose measurements according to the manufacturer's instructions. For five women who required multiple daily injections, basal insulin was withdrawn 24 h before admission and replaced with rapid-acting insulin aspart (Novo Nordisk, Bagsvaerd, Denmark).
Patients arrived at the research facility at 1300 h and an intravenous sampling cannula was inserted. Women were connected to an insulin pump ( at 0700 h the following morning. Prandial insulin doses were calculated according to the women's insulin/carbohydrate ratio and capillary glucose levels. The study ended at 1200 h.
MPC algorithm
The MPC algorithm calculated the basal insulin infusion rates. It was manually adjusted at 15-min intervals by a research nurse from 1400 to 1200 h the following day. It was initialized using women's weight, basal insulin requirements, and total daily insulin dose during the preceding 3 days. For women who required multiple daily injections, the total daily insulin dose was reduced by 30% for conversion to pump therapy.
Sensor glucose measurements were used to update two model parameters: an endogenous glucose flux correcting for Figure 1 -Plasma glucose concentrations and insulin infusion rates are shown during early and late gestation. The dark lines represent the median plasma glucose levels and insulin infusion rates during early pregnancy (visit 1, 14.8 weeks) and the lighter lines during late pregnancy (visit 2, 28.0 weeks). On both visits, a standardized dinner (80 g carbohydrate) was eaten at 1800, followed by an overnight fast until breakfast (60 g carbohydrate) at 0700 h the next morning. Prandial insulin boluses were calculated according to the women's insulin-carbohydrate ratio and capillary fingerstick glucose levels. Basal insulin infusion rates were calculated using CGM sensor glucose values and the MPC algorithm.
care.diabetesjournals.org DIABETES CARE, VOLUME 34, FEBRUARY 2011 407 errors in model-based predictions and carbohydrate bioavailability. Several competing models differing in the rates of subcutaneous insulin absorption and carbohydrate absorption were run in parallel. A combined model forecasted plasma glucose excursions over a 2.5-h prediction horizon. Infusion rates were calculated to achieve a sensor glucose target of 104.4 mg/dL, with safety rules including a predefined maximal basal insulin infusion rate to prevent overdosing and flexibility to increase the target to 131.4 mg/dL if previous predictions were inaccurate. Plasma glucose levels were available for safety purposes, but only sensor glucose levels were fed into the algorithm.
Statistical analysis
Power calculations were not performed because this was an exploratory safety study. The sample size was pragmatic, based on data in human pregnancy, documenting increased gestational gluconeogenesis in seven women (16) . Mean glucose, time spent in target (National Institute for Health and Clinical Excellence recommended range, 63-140 mg/dL) (20) , time spent below target (,63 and #50 mg/dL), time spent above target (.140 and $180 mg/dL), and insulin infusion rate were calculated for each visit using plasma and sensor glucose measurements. Glucose control measures were calculated from 1800 h, reflecting that it takes 4 h for closed-loop to become effective. Because many variables were not normally distributed, the Wilcoxon nonparametric test was used to compare the two study periods. Separate analyses were conducted of the periods after dinner (1800-2300 h), overnight (2300-0700 h), and after breakfast (0700-1200 h). Values are given as median (interquartile range).
Linear mixed-effects models were applied to the glucose measurements. Participants were treated as random effects, and gestational age (early or late pregnancy), time of day (after dinner, overnight, after breakfast) as fixed effects. The correlation structure of repeated glucose measurements within each study was modeled using a Box-Jenkins model with two parameters for the autocorrelation and two parameters for the moving average; namely, an autoregressive moving average (2,2) model. Maximum likelihood algorithms were used to estimate parameters. The hypothesis of interest was whether glucose levels showed systematic differences between early and late pregnancy across subjects, tested with likelihood ratio tests. Analyses were conducted on SPSS v15 software (SPSS Inc., Chicago, IL) and on R v2 11.1 (Free Software Foundation, Boston, MA).
Sensor accuracy was evaluated throughout the study (1400-1200 h) as the relative absolute difference between sensor glucose and paired plasma glucose divided by plasma glucose and by Clarke error-grid analysis (21) . Grade "A+B" assessed sensor efficacy and grade "D+E" assessed sensor safety. Low blood glucose index was calculated as an average of transformed glucose measurements progressively increasing at low glucose levels and assessed the duration and extent of hypoglycemia. 4 ; P = 0.72]). Plasma glucose levels and insulin infusion rates are shown in Fig. 1 .
RESULTS-Participants
Comparison of overnight glucose control in early and late pregnancy The level of overnight glucose control achieved during closed-loop insulin delivery is summarized in Table 1 . The time spent with plasma glucose level within the target of 63 to 140 mg/dL was 84% (50-100%) in early pregnancy and 100% (94-100%) in late pregnancy (P = 0.09). Differences between time spent below target (,63 or #50 mg/dL) during early and late pregnancy were not statistically significant. There were no episodes of symptomatic nocturnal hypoglycemia. There was one episode of unexplained hypoglycemia documented as CGM glucose of 63 mg/dL and plasma glucose of 46.8 mg/dL at 0500 h in early pregnancy, despite an infusion of only 0.4 units of basal insulin during the preceding 6 h (0.066 units/h).
The time spent hyperglycemic (.140 mg/dL) was 7% (0-40%) in early pregnancy and 0% (0-6%) in late pregnancy (P = 0.25). There were no overnight episodes of hyperglycemia $180 mg/dL. Glucose variability assessed by the standard deviation of plasma glucose was unchanged, as was the mean insulin infusion rate and standard deviation of the insulin infusion in early and late pregnancy. There was no difference in the level of glucose control achieved by women using insulin pumps or multiple daily injections (data not shown).
Postprandial glucose control in early and late pregnancy There were no differences in the pre-and postprandial glucose levels for the evening meal or breakfast in early and late pregnancy ( Table 2) . After 4 h of closedloop insulin delivery, plasma glucose levels were 88.2 (68.4-127.8) mg/dL in early and 73.8 (64.8-82.8) mg/dL in late pregnancy (P = 0.14). After a large evening meal (80 g carbohydrate), for which women decided their own prandial insulin dose, the time spent with plasma glucose levels in target was 68% (61-97%) in early and 77% (58-93%) in late pregnancy (P = 0.51). There were no significant changes in the time spent hypoglycemic or hyperglycemic, with 13% (0-39%) time spent hyperglycemic in early pregnancy compared with 5% (0-41%) in late pregnancy (P = 0.24). The fasting plasma glucose levels were 109.8 (95.4-126) mg/dL and 118.8 (102.6-133.2) mg/dL in early and late pregnancy (P = 0.14). After a 60-g carbohydrate breakfast, the postprandial glucose levels, time in target, glucose variability, and insulin infusion rates and variability were not statistically different in early or late gestation. However, less time was spent with plasma glucose within the target range after breakfast-59% (40-74%) early and 47% (39-77%) late pregnancy-and more time spent hyperglycemic after breakfast-28% (20-58%) early and 44% (10-55%) late pregnancy-compared with the after dinner or overnight periods.
CGM sensor accuracy
Sensor accuracy, evaluated as the mean absolute relative difference between sensor glucose and paired plasma glucose divided by plasma glucose, was 13.3% (14.7% in early vs. 11.9% in late pregnancy; P = 0.15). Median absolute relative differences were 11.4% (12.8% in early vs. 9.9% in late pregnancy; P = 0.21). According to Clarke error grid analysis (EGA), 93.6% values in early and 95.6% in late pregnancy were clinically acceptable (zones A + B), with no overcorrection errors or unsafe control (Table 3) .
CONCLUSIONS-Here we demonstrate clinically and statistically acceptable accuracy of the FreeStyle Navigator CGM and MPC algorithm in women with type 1 diabetes during pregnancy. Closed-loop insulin delivery was associated with nearly normoglycemia overnight, both in early and in late pregnancy, suggesting that the MPC algorithm safely adapts insulin delivery for advancing gestational age.
Sensing errors have been considered a major obstacle to effective closed-loop systems. This represents a particular challenge given the narrow glucose reference range and risk of hypoglycemia during pregnancy. Despite tighter glycemic targets, sensor accuracy in this study was comparable to previously published data (19) . As in nonpregnant individuals, accuracy was greatest for glucose levels within and above the target range and least for glucose levels #70 mg/dL. The MPC algorithm compensated for discrepancies between the sensor and reference glucose level during hypoglycemia by suspending insulin delivery when sensor glucose values fell ,80 mg/dL.
Despite this safety barrier, there was one episode of unexplained asymptomatic hypoglycemia at 0500 h, which could not be attributed to sensor discrepancy or to the MPC advice, because only 0.4 units of insulin was infused over the preceding 6 h. Considered in the context of conventional treatment, whereby women with type 1 diabetes spend on average 16.2% overnight (1.3 h) hypoglycemic during pregnancy (2) and assuming this care.diabetesjournals.org DIABETES CARE, VOLUME 34, FEBRUARY 2011 409 group of women were representative, it suggests potential safety benefits of closed-loop insulin delivery. Note that in this proof of concept study, we did not modify the algorithm to distinguish between pre-and postprandial glucose targets and that even tighter glycemic thresholds (60-99 fasting and ,130 after meals) may be required for optimal fetal growth.
Nocturnal hyperglycemia was minimized in women requiring established continuous subcutaneous insulin infusion as well as in those using multiple daily injections. This also compares favorably with previous CGM studies describing 36.4% time hyperglycemic (2.9 h .140, 1.0 h .200 mg/dL) (2) .
The level of overnight glucose control obtained during early and late gestation was similar to that recently obtained in children and adults with type 1 diabetes (18) . Our group has shown that using offthe-shelf sensors and earlier versions of this MPC algorithm, children achieved 53% (48-57%) overnight time in target after eating a large, rapidly absorbed evening meal and 55% (37-64%) after a large, slowly absorbed meal (18) . Adults using closed-loop did even better, spending 72 6 15% overnight time in target after a large evening meal (100 g carbohydrate) and generous alcohol consumption (0.75 g/kg ethanol) (22) . These studies suggest potential superiority of overnight closed-loop insulin delivery over conventional pump therapy outside pregnancy.
The difference between conventional and close-loop insulin delivery is the ability of the latter to rapidly respond to glucose excursions, with more variability of the insulin infusion rates despite comparable overall insulin doses. In our current study, the MPC algorithm was able to safely increase the insulin infusion rates for advancing gestational age, based on the women's weight and total daily insulin dose.
This study also illustrates the challenges of postprandial hyperglycemia, particularly after a high-carbohydrate breakfast. After nearly optimal overnight control, women had more glucose variability and spent more time hyperglycemic after breakfast compared with after dinner. Despite apparently more prolonged hyperglycemia after breakfast in late pregnancy (Fig. 1) , differences in the time spent hyperglycemic between early and late pregnancy (28% in early and 44% in late gestation) did not reach statistical significance, most likely due to the small sample size and intraindividual variability.
There were also no significant differences in the insulin infusion rates (when corrected for maternal weight) in early and late gestation. However, there is a trend to higher glucose levels at various points in later pregnancy, after starting at a lower glucose, and a trend to an increased average insulin infusion rate. The latter would be expected given the increasing insulin resistance of pregnancy and with larger numbers may have reached statistical significance.
We now plan to perform randomized controlled studies of closed-loop insulin delivery with tighter glycemic targets, first in the hospital and then over multiple nights in the home setting. To evaluate clinical effectiveness of closed-loop insulin delivery, a large, multicenter randomized study comparing closed-loop with sensor-augmented pump therapy will be needed. Meanwhile, the MPC safety and sensor accuracy data from this study pave the way for future research to refine closed-loop insulin delivery in pregnancy. 
